Biological systems are continuously challenged by an environment that is variable. Yet, a key feature of developmental and physiological processes is their remarkable stability. This review considers how microRNAs contribute to gene regulatory networks that confer robustness.
The molecular processes that drive cellular functions are inherently noisy. Intrinsic and extrinsic factors can affect levels of gene expression, protein stability, protein modification, enzymatic reactions rates, and signal transduction processes. The ways in which cells and organisms use noise and deal with its impact have become the focus of considerable interest (for review, see Raser and O'Shea 2005; Alon 2007 ; Barkai and Shilo 2007; Losick and Desplan 2008) . This review considers some of the ways in which microRNAs (miRNAs) contribute to these processes. It focuses on the roles of miRNAs in small-scale gene regulatory networks with defined topology, with emphasis on the relationship between miRNAs and noise. The biological properties of miRNAs have been reviewed extensively in recent years, so we assume that the reader is familiar with what miRNAs are and how they work (for reviews, see Bushati and Cohen 2007; Eulalio et al. 2008; Stefani and Slack 2008; Bartel 2009 ). Some biological processes involve stochastic decisions, which make use of noise. Examples include the switch between growth and competence phases in Bacillus subtilis, and the choice of Rhodopsin type during photoreceptor differentiation in the Drosophila eye (Losick and Desplan 2008) . In other contexts, noisy gene expression has the potential to be harmful, as is illustrated in some of the examples that follow. Gene regulatory networks involving positive and negative feedback have the potential to control the effects of noise, by buffering its impact on gene expression (e.g., Lee et al. 2002; Milo et al. 2002) . Computational analysis has suggested that miRNAs are overrepresented in gene regulatory networks, suggesting that they confer useful regulatory possibilities (Tsang et al. 2007; Martinez et al. 2008) .
Complex networks often include a small set of recurring circuits called network motifs (for review, see Alon 2007) . These motifs are found more often than would be expected by chance in gene regulatory networks, from bacteria and yeast to plants and animals. Network motifs can be subdivided into two broad categories: feedback and feedforward. The utility of positive and negative feedback regulation is intuitively obvious (Fig. 1A) . For example, a transcription factor can limit its own activity by inducing a repressor. Alternately, a positive feedback loop can produce a robust developmental switch by ensuring an ''all-or-none'' outcome. Feedforward motifs are less intuitive, and are based on regulators that act both directly and indirectly on their downstream targets ( Fig.  2A ). In the following sections, we consider the roles that miRNAs play in feedback and feedforward networks.
Feedback motifs as switches

Using noise
Evidence is beginning to emerge that miRNAs can be involved in the mechanisms by which noise is used to trigger stochastic developmental decisions. Sense organ specification in the Drosophila peripheral nervous system involves a key element of stochasticity. Sense organ primordia are initially defined as small groups of cells that express a set of ''proneural'' basic helix-loop-helix (bHLH) transcription factors of the Hairy-E(spl), or HES, family. Definition of the proneural cluster at this level is deterministic, based on programmed control of gene expression, but the choice of which cell will become the sense organ precursor (SOP) is stochastic. One cell is selected by chance, as a consequence of fluctuation in the level of the transcription factor Senseless (Nolo et al. 2000) . Higher Senseless levels lead to an increase in proneural gene expression in the SOP, which feeds back to increase Senseless expression ( Fig. 1B) . As well, Senseless increases expression of the Notch ligand Delta, which in turn leads to increased Notch signaling activity in the adjacent cells ( Fig. 1B) . Notch activity represses proneural gene expression in these cells, and reinforces the advantage of the Senseless-and Delta-expressing cell toward becoming the SOP (Jafar-Nejad et al. 2003) . This system combines positive feedback with lateral inhibition to select a single cell and promote its differentiation into the SOP. However, more recent studies indicate this circuit is not enough to ensure a reliable outcome (Li et al. 2006 ; for review, see Cohen et al. 2006) . Flies lacking miR-9a sporadically produce extra sense organs from individual proneural clusters. This indicates that more than one cell in the cluster can cross the threshold level of Senseless activity required to trigger the SOP switch. Feedback regulation is an essential element of the mechanisms that transform noise into switches (for review, see Losick and Desplan 2008) , but positive feedback loops are inherently labile. Additional mechanisms are needed to ensure that random fluctuation in transcription factor levels does trigger positive feedback inappropriately. In this biological context, the presence of miR-9a sets a threshold that Senseless transcription must overcome in order to trigger the Senseless-proneural feedback loop ( Fig. 1B ).
An important feature of this circuit is that miR-9a expression is under proneural gene control. miR-9a levels are initially uniform in the proneural cluster, but as Senseless activity increases proneural gene expression in the SOP, miR-9a levels are reduced. miR-9a levels remain high in the surrounding cells, where proneural gene activity is kept low through Notch activity. The opposing regulation of Senseless and miR-9a is an integral element of the switch. The outcome is a situation in which initially overlapping expression domains resolve into spatially reciprocal domains of the miRNA, and its target, Reciprocity, is a common feature of miRNA and target expression (Stark et al. 2005 ) and serves to reinforce the differences between the cell types. The transcriptional feedback system is triggered by random fluctuations in gene expression, and the miRNA helps to reinforce selection of only one peak of Senseless expression while filtering out others that might have been able to surpass the threshold in the absence of the miRNA. Thus, miR-9a contributes to the robustness of the noise-dependent switch.
lsy-6 and miR-273 contribute to a bistable switch
The nematode Caenorhabditis elegans makes a pair of chemosensory neurons that are functionally asymmetric on the left and right sides of the animal. Work from the Hobert laboratory (for review see Hobert 2006) has shown that miRNAs work together with transcription factors to produce a switch that allows these cells to adopt one of two alternative fates, called ASEL/R (Fig. 1C) . The homeobox-containing transcription factor encoded by cog-1 is active in ASER, and the zinc finger transcription factor encoded by die-1 is active in ASEL. In ASEL cells, die-1 induces expression of the lsy-6 miRNA, which has been shown to limit cog-1 activity in vivo. Reciprocally, in ASER, cog-1 induces expression of miR-273 family miRNAs, which are thought to act by repressing die-1. The asymmetry between the two cells is initially stabilized by positive autoregulation of cog-1 in ASER. The combination of miRNA-mediated repression and positive autoregulation produces a switch that drives the cell into one of two states. However, genetic evidence indicates that the two cells are initially identical. Both cells can adopt either ASER or ASEL identity if components of the feedback loops are missing. This initial state is labile, and is potentially subject to perturbation by noisy gene expression. A key issue that remains to be fully understood is how an initial bias is introduced into the system to allow the switch to be thrown with a consistent left/right outcome. miR-14 limits the impact of noise on a developmental switch Drosophila miR-14 has been implicated in a different type of regulatory switch, which serves to buffer against noise (Varghese and Cohen 2007) . The steroid hormone ecdysone and the ecdysone receptor (EcR) regulate major transformations in gene expression programs as the animal transitions from one developmental stage to the next (for review, see Thummel 2001 ). An important feature of these transitions is their all-or-none character. This depends on a positive feedback loop involving transcriptional autoregulation by EcR. A loop in which a transcription factor controls its own expression is inherently labile. Transcription often occurs in bursts (Raj and van Oudenaarden 2008) , which are expected to lead to fluctuation in activity levels. In principle, a transcription burst for an autoregulating transcription factor such as EcR could trigger a self-amplifying response. Linking EcR autoregulation to a negative feedback loop involving miR-14 provides a means to limit the potential impact of noise (Fig. 1D) . miR-14 acts directly to reduce EcR levels, and, reciprocally, EcR negatively regulates miR-14 transcription. Mutual repression keeps the levels of miR-14 and EcR in balance, until the input of a hormonal cue activates EcR. This will shut off production of new miR-14, but the preexisting miRNA takes time to decay. This delay permits the cell to discriminate between sustained input of hormone-induced EcR activation and transient fluctuation in EcR levels due to transcriptional bursts. The use of a miRNA to minimize the impact of noise permits the safe use of a positive autoregulatory loop in a switch capable of profoundly changing the gene expression program of the animal.
Repression of a repressor in a positive feedback loop: miR-9a
The regulatory network involving miR-9a can also be seen as an indirect feedback loop. miR-9a represses Senseless, which serves as an activator of the proneural genes. By repressing miR-9a, the proneural transcription factors remove repression of their activator, Senseless. Because the proneural genes promote Senseless expression, the net result is a positive autoregulatory loop (Fig.  1B) . As in the case of miR-14, the preexisting expression of the miRNA limits the impact of noise until it rises above a threshold level. Thereafter, the cell commits to a program of differentiation. An independent loop involving Delta and Notch conveys this information to influence the behavior of the other cells in the group.
Negative feedback in neuronal differentiation: miR-124 and ephrin-B1 Mutual inhibition of ephrin-B1 and miR-124 in the developing mouse brain illustrates a negative feedback Cold Spring Harbor Laboratory Press on July 14, 2015 -Published by genesdev.cshlp.org Downloaded from interaction controlling neural differentiation (Arvanitis et al. 2010) . Ephrins serve as both ligands and receptors that convey bidirectional signals reflecting cell-cell contact (for review, see Davy and Soriano 2005) . Ephrin-B1 and miR-124 show reciprocal expression during cortex differentiation. ephrin-B1 is expressed in neural progenitor layers, whereas miR-124 expression is elevated in more differentiated cells. Ephrin-B1 signaling limits miR-124 levels, and, reciprocally, miR-124 expression can inhibit ephrin-B1 expression. Thus, mutual inhibition between miR-124 and ephrin-B1 controls neuronal differentiation, where ephrin-B1 is required for maintaining the progenitor fate and miR-124 promotes differentiation (Fig. 1E) . Mutual repression may help to sharpen expression boundaries and confer robustness during differentiation.
Negative feedback in epithelial-mesenchymal transition (EMT): the miR-200 family and ZEB/Sip1
EMT is a fundamental cellular transformation that contributes to shaping tissues during development. EMT also plays a key role during metastasis. Members of the miR-200 miRNA family are expressed in epithelial cells, where they limit expression of the E-box transcription factors ZEB1 and SIP1, thereby allowing expression of E-Cadherin Park et al. 2008) . ZEB1 and SIP1 are induced by TGF-b to promote EMT though repression of E-Cadherin. ZEB1 and SIP1 also repress expression of the miR-200 family of miRNAs (Bracken et al. 2008) . The mutually repressive regulatory relationship is similar to that between miR-124 and Ephrin-B1. Mutual inhibition helps to reinforce the switch between cell fates, and may help to ensure that low-level noisy expression of ZEB1 or SIP1 cannot accidentally trigger EMT prior to the onset of robust TGF-b-induced expression. During EMT, the cells do not remain together as part of a tissue, so the reciprocity may be thought of as being more temporal than spatial.
A miRNA-regulated feedback loop in glucose homeostasis
Energy homeostasis depends on insulin signaling. Insulin levels reflect the nutritional status of the animal to control circulating sugar levels and to regulate glycogen and fat metabolism. Insulin production and secretion as well as cellular responsiveness to insulin are subject to regulation by miRNAs. miRNAs have been shown to act in many tissues involved in glucose metabolism, including the pancreatic islet, liver, skeletal muscle, adipose tissue, and brain (for review, see Lynn 2009). In vivo, mice mutant for miR-375 show reduced pancreatic b-cell mass and defects in energy homeostasis (Poy et al. 2009 ). In assays using insulin-producing cell lines, miR-375 has been shown to negatively regulate glucose-stimulated insulin release (Poy et al. 2004) . miR-375 has been reported to act via its target myotrophin to control a late step during insulin exocytosis. Although the mechanism is not fully understood, it probably involves regulation of actin polymerization and vesicular fusion. miRNAs are also thought to regulate insulin levels by other means.
Pdpk1, a 39-phosphoinositoside-dependent protein kinase, is a direct target of miR-375. Depletion of miR-375 has been reported to increase Pdpk-1 levels and to increase insulin expression, also in a cell-based assay system (El Ouaamari et al. 2008) . Intriguingly, miR-375 expression appears to be regulated by glucose levels in rat pancreatic islets. Thus, glucose sensing appears to act via repression of miR-375 to promote insulin secretion, contributing to glucose homeostasis (Fig. 1F ).
Managing noise: coherent feedforward motifs as buffers
Feedforward motifs involve at least three elements: an upstream regulator and two targets (illustrated in Fig. 2A ; for review, see Alon 2007) . The upstream element X acts on one target, Z, directly as well as indirectly, via the second target, Y. In cases in which both branches act in the same direction on Z, the motif is called ''coherent.'' If they act oppositely, the motif is called ''incoherent.'' Motifs of this sort can have many possible outcomes, depending on the nature of the relationships between the elements. For example, a coherent motif in which X and Y are both needed to activate Z introduces a delay in the induction of Z until Y can accumulate to the required level. A coherent motif in which either X or Y can activate Z allows for rapid onset of Z but delays turning Z off, to an extent that depends on the stability of Y. Incoherent motifs have different properties; for example, they can allow for rapid onset followed by repression to produce a pulse-like activation profile. Alon (2007) provides an in-depth review of the properties of these motifs. In the following sections, we focus on examples that involve miRNAs.
Coherent feedforward motifs in photoreceptor differentiation miR-7 has been implicated in two coherent feedforward motifs involved in the specification of photoreceptor cells in the Drosophila eye ( Fig. 2B ; Li et al. 2009 ). Yan, a transcription factor essential for the development photoreceptor cells, is a direct target of miR-7. In one circuit, Yan represses miR-7 transcription directly as well as indirectly ( Fig. 2B, shown in gray) . The indirect arm in this case involves three elements: Yan represses Phyllopod, thereby alleviating repression of Ttk-69, which allows Ttk-69 to repress miR-7 (the triple negative, repression of a repressor of a repressor results in repression). Repression by either branch is sufficient to limit miR-7 expression. This makes the system less sensitive to transient fluctuation in the levels of either Yan or Ttk-69. Concurrently, miR-7 is involved in a second coherent feedforward motif in the same cells. The transcription factor Pnt-P1 directly activates miR-7 transcription, which in turn represses Yan. Pnt-P1 also acts directly to represses yan transcription. This circuit buffers Yan expression to variations in the levels of Pnt-P1 or miR-7. The Yan OFF state is buffered against transient fluctuation in Pnt-P1 levels, but can switch if activation is prolonged. Likewise the Yan ON state is stable. It is likely that use of two interlinked motifs with elements in common provides considerable stability to photoreceptor specification. Indeed, Li et al. (2009) provide experimental evidence that the system is normally very stable, but that it can be perturbed by environmental fluctuation-temperature shifts in this instance-if miR-7 function is compromised.
A coherent feedforward motif limits the impact of noise in an oncogenic switch A recent study has implicated the human let-7 miRNA in a molecular pathway underlying oncogenic transformation in response to an inflammatory signal (Iliopoulos et al. 2009 ). Loss of let-7 has been implicated previously in cancer (e.g., Johnson et al. 2005) . let-7 activity normally serves to limit expression of the cytokine interleukin-6 (IL6), a key mediator of the inflammatory response. Activation of NF-kB can block let-7 family miRNA biogenesis through up-regulation of lin-28 (which prevents let-7 processing) (Viswanathan et al. 2008) . Sustained NF-kB activation thereby leads to depletion of let-7 and alleviates repression of IL6. This comprises the indirect arm of the feedforward motif (Fig. 2C, gray) . NF-kB also acts directly to induce IL6 expression. Activation of both arms of the feedforward motif is required to achieve the high levels of IL6 activity required for cellular transformation (Iliopoulos et al. 2009 ), which is aided by positive feedback regulation of IL6 on NF-kB (Fig. 2C,  red) . In essence, the role of let-7 is comparable with that of miR-14 in the steroid hormone switch described above. By limiting levels of IL6, let-7 prevents noise in the activity of NF-kB or IL6 from triggering the positive feedback loop that leads to cellular transformation. Only sustained activation of NF-kB can allow the decay of miRNA expression required for the IL6/NF-kB feedback loop to become self-sustaining. Comparing let-7 and miR-14 illustrates how similar biological outputs can be obtained by regulatory networks of different topology.
Incoherent feedforward motifs as triggers
The Drosophila sensory nervous system is proving to be a rich source of feedforward regulatory motifs. Work from the Carthew laboratory (Li et al. 2009 ) has also implicated miR-7 in an incoherent feedforward motif that contributes to sense organ specification. In this context, the transcription factor Atonal acts directly to activate expression of the proneural gene E(spl), illustrated in Figure  2D . Atonal acts concurrently via miR-7 to repress E(spl) genes. Activation of Atonal results in a pulse of E(spl) expression followed by a lower level of steady-state expression. The pulse of E(Spl) can serve as a trigger for other regulatory events, including those involving miR-9a and Senseless.
A second example of an incoherent regulatory motif involves two miRNAs of the human miR-17 cluster in regulating cell cycle progression ( Fig. 2E; O 'Donnell et al. 2005) . c-Myc is a potent inducer of cell proliferation, and is sufficient to promote tumor formation (Pelengaris et al. 2002) . c-Myc acts directly to induce expression of the transcription factor E2F, which in turn regulates an array of cell cycle genes. c-Myc acts concurrently to induce expression of miR-17-5p and miR-20, which then repress E2F. This leads to a pulse of c-Myc-induced E2F expression to promote cell cycle progression. Incoherent feedforward motifs are well suited as triggers for oscillatory systems. A potentially important implication of the use of such motifs is that the output can be shorter-lived than the input.
Conclusions
The studies discussed here represent only a small fraction of what has been learned in recent years about the roles of miRNAs in vivo. They represent the cases in which it has been possible to place the miRNA into a gene regulatory circuit, and from this it has been possibe to understand how the miRNA confers a specific mode of biological regulation. These circuits can have quite different roles, from using noise to throw a developmental switch to buffering the consequences of noise in order to confer robustness to environmental perturbation.
